The regulation of integrin-mediated cell adhesion and its stabilization involves dierent phosphorylation and dephosphorylation events. Focal adhesion kinase (FAK) has been recently found to be a substrate of the dualspeci®c phosphatase PTEN in glioma cells, where it appears to be involved in regulation of cell spreading and migration as part of focal adhesions. We have investigated the role of PTEN in cell adhesion of HT-29 human colon carcinoma cells under static and hydrodynamic conditions of¯uid¯ow. PTEN coprecipitated with FAK and paxillin dependent on the formation of adhesions to collagens. This corresponded with an adhesion-dependent increase in Tyr-phosphatase activity of PTEN. Using preparations of native FAK and PTEN from HT-29 cells in a speci®c Tyr-phosphatase assay FAK was identi®ed as substrate for this dephosphorylation. If expression of PTEN was reduced using antisense oligonucleotides cell adhesion under dynamic conditions of laminar¯ow, but not under static conditions was signi®cantly increased. In addition, cell spreading was increased in cells with reduced PTEN expression. We conclude that PTEN appears to be involved in the regulation of integrin-mediated adhesion through dephosphorylation of FAK. This phosphatase might play a role as a negative regulator for the formation of stable HT-29 cell adhesion to extracellular matrix.
Introduction
An increasing body of evidence indicates that tumor cell adhesion is tightly regulated not only by a variety of protein kinases, such as focal adhesion kinase (FAK), c-src or protein kinase C, but also by a number of phosphatases. Phosphorylation and dephosphorylation of serine, threonine and tyrosyl residues can transmit cellular signals for dierentiation, growth, survival and death of cells (Neel and Tonks, 1997; Cool and Fisher, 1993) . Most of these signals, however, involve changes in tyrosyl phosphorylation by protein tyrosine kinases (PTK) and protein tyrosyl phophatases (PTP). PTK have been implicated in signaling pathways for soluble and insoluble ligands, and they are frequently mutated in cancer cells, where they can serve as oncogene or tumor suppressor gene products. The roles of PTP are less well de®ned, but recently that they have been found to be modi®ed during malignant transformation.
PTEN (also known as MMAC-1 or TEP-1) has been recently identi®ed as a tumor suppressor gene located on human chromosome 10q23.3 (Li et al., 1997a; Steck et al., 1997; Li and Sun, 1997) . Deletions or somatic mutations of the PTEN gene have been found at high frequencies in several malignancies. For example, PTEN mutations were reported in up to 50% of malignant gliomas, but they have also been found in endometrial, prostate, lung, and breast cancer, and in various genetic disorders, such as Cowdens disease (Garcia et al., 1999; Chi et al., 1998; Cairns et al., 1997; Pesche et al., 1998 , Rasheed et al., 1997 Risinger et al., 1997) . In addition to its possible role in microsatellite instability (Guanti et al., 2000) , juvenile polyposis coli (Olschwang et al., 1998; Marsh et al., 1997; Lynch et al., 1997; Tsuchiya et al., 1998) and the development of gastrointestinal polyps (Garcia et al., 1999) , mutated PTEN have also been found in about 20% of sporadic colon carcinomas (Chang et al., 1999) . The mutations found in both PTEN alleles and the evidence that the PTEN protein is expressed in normal colon cells suggest that the loss of function of this gene product could play a role in colorectal tumorigenesis or cancer progression. In support of this notion, heterozygous PTEN genecontaining mice developed hyperplastic changes in the colon and in other parts of the gastrointestinal tract (Podsypanina et al., 1999) .
An analysis of the crystal structure of PTEN reveales a large pocket accommodating the phosphatase catalytic site and a C2-domain that can bind to phospholipid membranes in vitro (Lee et al., 1999) . Recent studies have demostrated that PTEN can dephosphorylate PIP 3 (phosphatidylinositol 3,4,5-triphosphate), and thus it is a direct antagonist to the Dixon, 1998, 1999; Wang et al., 2000) . In addition, lipid phosphatase activity appears to be critical for the tumor suppressor function of PTEN. For example, in glioma or prostate carcinoma cells where PTEN contains a missense mutation in the functional phosphatase domain there was little evidence of growth suppression accompanied by changes in the PI 3 -kinase/protein kinase B/Akt pathway (Furnari et al., 1997; Myers et al., 1998; Wu et al., 1998) . PTEN overexpression in PTEN-mutated glioma cells was able to suppress cell growth and induce cell cycle arrest in the G1 phase or apoptosis Sun, 1998, Wick et al., 1999; Tamura et al., 1999b) . Similar results were obtained during embryogenesis using mPTEN-de®cient mice (Stambolic et al., 1998) . In addition, mutations in the basic residues of the PTEN C2-domain reduced PTEN membrane anity and resulted in enhanced growth of glioblastoma cells (Lee et al., 1999) . Mutations in this Cterminal region can also aect PTEN stability and enzymatic phosphatase activity Leslie et al., 2000) . Moreover, introduction of PTEN into human breast cancer cells induced apoptosis and inhibited cell growth and tumor formation in nude mice. This was accompanied by transcriptional modulation of c-myc expression in these cells (Ghosh et al., 1999) .
PTEN displays high homology to tensin, an FAKbinding cytoskeletal protein that is important in the formation of focal adhesion plaques (Li et al., 1997a) . In addition to a tensin homology domain that includes the phosphatase domain, PTEN contains a frequently mutated putative Tyr-phosphorylation site between residues 232 ± 241 (Li et al., 1997a; Steck et al., 1997; Furnari et al., 1997) . Several putative Ser/Thrphosphorylation sites have also been found in the Cterminal region of this molecule.
A number of important cellular properties have been attributed to PTEN. Overexpression of PTEN has been reported to reduce cell migration, whereas its reduced expression enhanced this cell property (Tamura et al., 1999a) . Integrin-mediated cell spreading of glioma cells on vitronectin (VN) and ®bronectin (FN) and the formation of focal adhesions were down-regulated by overexpression of wild-type PTEN, but not by mutants lacking phosphatase activity (Tamura et al., 1999a) . Another study, however, did not ®nd a direct interaction between PTEN and FAK, or the dephosphorylation of FAK through PTEN, but reintroduction of PTEN in these glioma cells resulted in morphological changes and inhibition of cell invasion (Maier et al., 1999) . In contrast, Tamura et al. (1999a) reported that FAK is a direct substrate of PTEN, and that a Tyr-residue (Tyr 397) that auto-phosphorylates FAK is the site of PTEN-associated dephosphoryation. The phosphatase domain of PTEN was essential for this dephosphorylation, and mutations in the PTP domain that inactivates this function do not aect the phosphorylation status of FAK (Tamura et al., 1999a) . It has also been proposed that PTEN can interact with Shc, resulting in an inhibition of the recruitment of Grb2 adaptor protein and the MAP kinase signaling pathway . Furthermore, PTEN appears to be involved in the regulation of signaling pathways between integrins and growth factor receptors, such as epidermal growth factor (EGF) and platelet derived growth factor (PDGF) . These ®ndings provide ample evidence that PTEN could contribute to or modify the invasive and/ or metastatic phenotype of tumor cells (Di Cristofano and Pandol®, 2000) .
Although transforming growth factor-b has been shown to in¯uence transcription of the PTEN gene (Li and Sun, 1997) , there is currently scant information available about the regulation of PTEN mRNA levels and/or its protein function. It is likely that the phosphatase activity and subcellular location of PTEN are tightly controlled since the substrates that can interact with PTEN are involved in complex signaling pathways. For example, the scaold protein MAGI-2 appears to regulate the Akt-activation via PTEN by binding to the PDZ-domain of PTEN (Wu et al., 2000) . The possible interaction of PTEN with FAK and its potential binding to the cell membrane suggested involvement of PTEN in integrin-mediated cell adhesion processes and their regulation, events important in colorectal tumor cell adhesion and spreading during dynamic interactions with extracellular matrix (ECM) components.
Results

Effects of PTP inhibition on cell adhesion
We ®rst examined the eects of PTP inhibition on adhesion and spreading of human HT-29 colorectal carcinoma cells on ECM components. Using phenyl arsine oxide (PAO) it has been shown that inhibition of Tyr-dephosphorylation occurs with pronounced eects on substrates in the size range of 100 ± 130 kDa (Retta et al., 1996) . To evaluate the eects of reduced dephosphorylation on cell adhesion to ECM components we pre-treated cells with 1 ± 5 mM PAO for 15 min prior to conducting the cell adhesion assays. When collagen type I, IV (C I, C IV), laminin (LN) or FN were used as adhesive substrates, this treatment resulted in an almost complete loss of adhesive properties under static conditions without aecting cell viability (Figure 1 ). These results were comparable to the adhesion results obtained after pretreatment of cells with 1 ± 100 mM pervanadate, which is a broad-range inhibitor of PTP. PAO or pervanadate treatment did not result in morphological changes of cell monolayers, detachment or reduced viability of cells grown on tissue culture surfaces within the observation period of 120 min. In contrast, using hydrodynamic adhesion assays (under conditions of¯uid¯ow) (Haier and Nicolson, 1999 ) the initial adhesive interactions were increased by a low concentration of PAO (1 mM), but high concentrations (5 mM) resulted in impaired adhesion stabilization under¯ow conditions (Table 1) . Surprisingly, dierent eects were also seen on cell spreading after pretreatment with PAO or pervanadate.
If low concentrations of PAO (1 mM) were used, cell spreading was completely abolished after 30 or 90 min. However, even though cell adhesion was diminished at high concentrations of PAO (5 mM); cell spreading of cells that were able to form cell adhesions was comparable to untreated cells, suggesting dierent eects of PAO on adhesion stabilization and cytoskeletal rearrangments (Figure 2 ). In contrast, pervanadate decreased cell spreading in a concentration-dependent manner (data not shown). The dierences between PAO and pervanadate treatment may be explained by their dierent mechanisms of PTP inhibition. The eects of PTP inhibitors on dynamic adhesive interactions between tumor cells and ECM exposed to external mechanical forces, such as shear or cell spreading that require active cytoskeletal movement, suggest the involvement of PTP in the regulation of cellular mechanical properties. However, dierences were found between low and high concentrations of PAO in experimental settings that included application of external forces (adhesion experiments) or active cytoskeletal rearrangement (cell spreading). We hypothesize that PAO interferes with more than one PTP at dierent concentrations or inhibited PTP are involved in dierent regulatory processes during formation of cell adhesion and adhesion stabilization.
Since integrin-mediated cell adhesion to ECM components is strongly related to Tyr-phosphorylation of FAK and paxillin, we examined whether inhibition of PTP also aects these signaling events. If cells were pretreated with low concentrations of PAO, adhesionmediated hyperphosphorylation of FAK increased, whereas high concentrations markedly reduced hyperphosphorylation of both proteins. Inhibition of adhesion and reduced phosphorylation of FAK and paxillin suggest that the latter eect may be due to reduction of integrin-binding and not a direct eect of PAO on dephosphorylation ( Figure 3 ). This is also supported by the fact that pretreatment of adherent HT-29 cells with PAO did not protect FAK and paxillin from dephosphorylation if the cells were removed from the For the adhesion experiments HT-29 cells were resuspended in serum-free adhesion medium at a concentration of 1610 5 cells/ml. In some experiments cells were pretreated with dierent concentrations of phenyl arsine oxid (PAO). Untreated cells were allowed to adhere to BSAcoated surfaces (negative control) or collagen I (C I)-coated sides (positive controls, and the eects of inhibitors were assessed using C I as speci®c adhesive substrate. All experiments were repeated ®ve times and results are shown as mean+s.d. Pretreatment of HT-29 cell with low concentrations of PAO (1 mM) resulted in a signi®cantly increased initial adhesive interactions with C I under low¯oor conditions, whereas high PAO concentrations (5 mM) signi®cantly inhibited adhesion stabilization. Wall shear adhesion threshold (WSAT), dynamic adhesion rate (DAR) and adhesion stabilization rate (ASR) were compared with untreated cells adhering to C I. *P50.05; #P40.01 surfaces by trypsinization ( Figure 4) . Furthermore, the adhesion-mediated autophosphorylation of FAK was reduced by pretreatment of HT-29 cells with PAO ( Figure 5 ). Using pharmacological inhibition of PTP these results supported the hypothesis that dephosphorylation of Tyr-residues may play a role in the regulation of cell adhesion and its stabilization; however, it remains unknown which PTP could have mediated these eects in HT-29 colon carinoma cells.
Adhesion-dependent coprecipitation of PTEN, paxillin and FAK
Recently it was reported that various PTP, such as PTEN or PTP1B, can coprecipitate with or bind to FAK in dierent cell types (Tamura et al., 1999a; Arregui et al., 1998) . Therefore, we investigated if PTPs could also interact with FAK and/or paxillin in HT-29 human colon carcinoma cells. We found an adhesiondependent coprecipitation of PTEN with both proteins, whereas PTP1B did not show these interactions. Unbound cells demonstrated only small amounts of coprecipitation of FAK/paxillin and PTEN, but after adhesion of HT-29 cells to C I or C IV, which we previously had shown to be mediated mainly by a 2 b 1 -integrins (Haier et al., 1999a,c) , the amount of FAK that coprecipitated with PTEN increased (Figure 6 ).
Adhesion-dependent activation of PTEN
Our results on the possible involvement of PTEN in the regulation of cell adhesion to ECM suggested a speci®c role for dephosphorylation during cell adhesion Figure 2 Eects of PAO on cell spreading. The relative numbers of cells that showed cell spreading after 30 or 90 min were evaluated in three dierent randomly chosen ®elds. Total numbers of 250 ± 300 cells/well were investigated. Speci®c morphological criteria for cell spreading were used as previously described (Haier and Nicolson, 1999) : loss of sharp cell borders, development of pseudopodia, alterations in cell diameters, and changes of nucleus-cytoplasm ratios. Three dierent categories of cell spreading were found and de®ned as follows: (a) no cell spreading; (b) intermediate status; and (c) obvious cell spreading. Intermediate status was considered if the cell diameter was increased, but the nucleus spanned more than 2/3 of the external cell width. Loss of sharp cell borders and development of pseudopodia were used as obvious signs of cell spreading. Only cells with obvious cell spreading were considered for further analysis. All experiments were repeated three times and the results are shown as mean+s.d. Cell spreading on C I or C IV was comparable, and after 90 min about 50% of the cells showed clear signs of cell spreading. Pretreatment of cells with dierent concentrations of PAO resulted in signi®cant changes in cell spreading. Using low concentrations of PAO (1 mM) cell spreading to C I or C IV was signi®cantly reduced to percentages comparable to nonspeci®c spreading on BSA-coated surfaces. Surprisingly, higher concentrations (5 mM) did not enhance this eect, and the percentages of spread cells were similar to untreated cells. (*P50.01) and its stabilization. Therefore, we investigated if FAK can be dephosphorylated by PTEN under native conditions and if there is a correlation between this phosphatase activity and cell adhesion. For the ®rst question we immunoprecipitated Tyr-phosphorylated proteins from HT-29 cells that were grown on plastic surfaces using anti-P-Tyr mAb-agarose. After removal of the mAb by phenylphosphate, prominent bands of P-Tyr proteins at *180, *130, *125 and *68 kDa were seen in Western blotting. The bands at *125 kDa and *68 kDa were identi®ed as FAK and paxillin, respectively. If the cell lysate was incubated with anti-FAK mAb the *125 kDa band disappeared (data not shown). Since this preparation was performed using adherent cells, the puri®ed proteins are likely to be in functional states that are comparable to their conditions during cell adhesion. If these P-Tyr proteins were incubated with PTEN that was immunoprecipitated from HT-29 cells using dierent adhesion conditions, the *125 kDa band that corresponded to FAK became dephosphorylated. This dephosphorylation, however, occurred as an adhesion-dependent process. If PTEN was prepared from HT-29 cells that were not adherent (using BSA-coated surfaces), the addition of this preparation did not aect the intensity of P-Tyr bands compared to agarose beads alone (without precipitated PTEN). In contrast, preparations of PTEN from cells that were allowed to adhere to C I or C IV for 90 min resulted in the dephosphorylation of the *125 kDa component, whereas the total amount of FAK in this solution remained constant (Figure 7 ). Nonspeci®c adhesion of HT-29 cells to poly-L-lysine did not aect FAK phosphorylation after incubation with PTEN from these cells (data not shown).
Downregulation of PTEN increases adhesive properties of HT-29 cells
The demonstrated coprecipitation of FAK/paxillin and PTEN and the fact that PTEN can dephosphorylate FAK suggested a possible role of PTEN in adhesionmediated events and their regulation. Since FAK is a very important mediator of integrin-related cell signal- Another tyrosine phosphatase (PTP1B) did not show any coprecipitation with FAK or paxillin under these conditions. Cell adhesion to BSA (lanes 1, 5) or C IV (lanes 2, 6) or after pretreatment prior to adhesion to C IV with 1 mM PAO (lanes 3, 7), 5 mM PAO (lanes 4, 8) . Using C I as adhesive substrate similar results were obtained (data not shown) Figure 7 Adhesion-mediated dephosphorylation of FAK through PTEN. Immunoprecipitates of PTEN were obtained from HT-29 cells that were allowed to adhere to BSA, C I or C IV for 90 min. Tyr-phosphorylated proteins were immunoprecipitated from HT-29 cells grown in tissue culture dishes. Equal amounts of PTEN-agarose in phosphatase buer were incubated with P-Tyr-protein solution under continous agitation at 378C for 2 h. After termination of PTP activity using denaturing SDSsample buer, samples were subjected to SDS-polyacrylamide gel electrophoresis. Quanti®cation of the remaining Tyr-phosphorylated proteins was perfomed using Western blotting with (a) anti- ing and its autophosphorylation can trigger the activation of various signaling cascades, we hypothezised that PTEN might act as a negative regulator of intergrin-mediated HT-29 cell adhesion to ECM components. Therefore, we investigated whether downregulation of PTEN protein expression in HT-29 cells can in¯uence adhesive properties of these cells. Reduction of PTEN expression was achieved using thiophosphorylated antisense-oligonucleotides (S-ODN). The antisense-S-ODN (PTEN-AS1; 5'-GGCGGCGGACGGGAGG-3'; bp 706 ± 692) and a modi®ed sense-S-ODN (PTEN-AS control; 5'-GAAGGCGACGACACC-3') were obtained from Gibco Custom Primer Service. After 24 h of incubation with PTEN-AS1, mRNA and protein amounts of PTEN were reduced to one-third the amount compared to PTEN protein in untreated cells or cells that were treated with the sense-control S-ODN (Figure 8) .
When HT-29 cells were plated onto C I or C IV under static conditions in a microtiterplate adhesion assay we did not observe any dierence in the relative numbers of adherent cells after 10 ± 90 min adhesion time between antisense-treated, sense-control-treated and untreated cells (Figure 9 ). However, we did ®nd an increase in cell speading after 30 min for antisensetreated cells compared to control cells with a further signi®cant increase in the number of cells that showed clear signs of cell spreading after 90 min adhesion time (Figure 10 ). These ®ndings suggested that PTEN might be involved in adhesion-mediated cytoskeletal actions that result in an enhanced adhesion stabilization and an increase in cell contact area between tumor cells and ECM, comparable to the eects found with the PTP inhibitors.
Considering the possible interactions between PTEN and FAK and between FAK Tyr-phosphorylation, the cytoskeleton and external mechanical forces, we investigated the in¯uence of reduced PTEN expression on cell adhesion in the presence of hydrodynamic shear forces in a laminar¯ow chamber. Under these conditions we found a signi®cant increase of wall shear adhesion threshold (WSAT), and PTEN antisense-treated cells showed initial adhesion to C I at higher shear forces than cells without PTEN antisense or with PTEN sense constructs. This signi®cant increase in dynamic adhesion was also observed if lower¯ow rates were applied, resulting in a signi®cant increase in dynamic adhesion rate (DAR). Adhesion stabilization, however, was not aected by reduced expression of PTEN, and adhesion stabilization rates Figure 8 Reduction of PTEN expression using antisense-oligonucleotides. HT-29 cell monolayers were grown to 70% con¯uence and incubated with serum-free medium for 12 h. Transient transfection was performed using 10 mg S-ODN and 10 ml Lipofectin 1 /ml serum-free medium (Life Technologies) for 24 h. After the incubation period, mRNA and protein expression of PTEN were compared between cells treated with PTEN-AS1, PTEN-AS control or Lipofectin 1 alone; (a) mRNA levels using RT ± PCR with the forward primer (PTEN-1; 5'-ACAGCCAT-CATCAAAGAGATCG-3'; bp 4 ± 24) and the reverse primer (PTEN-2; 5'-CACCACACACAGGTAACGGC-3'; bp 735 ± 754) (Gosh et al., 1999); (b) 18S mRNA (QuantumRNA 1 , Ambion) as internal standard; (c) PTEN protein levels determined by Western blotting (using PTEN mAb, Santa Cruz Biotechnologies); (d) expression of FAK was used as control for equal amounts of cell lysate Figure 9 Static adhesion of HT-29 cells is independent of PTEN expression. Reduction of PTEN expression in HT-29 cells did not aect tumor cell adhesion to C I or C IV under static conditions in a microtiterplate assay. Experiments were done in triplicates and repeated twice (ASR) were similar in treated and untreated cells. The speci®city of these results was con®rmed by experiments using a sense-control S-ODN that did not aect the expression of PTEN or the adhesive properties of HT-29 cells (Figure 11 , Table 2 ).
Hydrodynamic shear forces increase Tyr-phosphorylation of FAK and paxillin
Dierences in the eects of PTEN downregulation between static and hydrodynamic cell adhesion suggested that hydrodynamic shear forces can directly in¯uence signaling events related to cell adhesion and/ or its stabilization. Therefore, we used the laminar¯ow chamber and exposed HT-29 cells that were grown on glass support to the same¯uid¯ow or wall shear stress (WSS; 2.4 ± 5.6 dynes/cm 2 ) used in dynamic adhesion experiments. These conditions were comparable to the blood¯ow in the microcirculation. After 60 min of ow exposure we observed an increase in Tyrphosphorylation of both FAK and paxillin that was dependent on the WSS used. Low¯ow rates had only slight eects on the amounts of phosphorylated proteins, but higher WSS reproducibly increased the phosphorylation of FAK more than two-times and of paxillin *1.5-times in HT-29 cells (Figure 12a) . However, coprecipitation of PTEN with FAK or paxillin was not aected by the same exposure to shear forces (Figure 12b ).
Discussion
Determination of the physiological targets of PTEN is critical for understanding its roles in signal transduction, tumorigenesis and tumor progression. Diering results have been reported on the potential physiological substrates of PTEN and on the functional importance of dephosphorylation mediated by PTEN as well as candidate binding proteins and enzymatic substrates. For example, Li and Sun (1997) have shown that the intrinsic PTP activity of PTEN in vitro against common PTP substrates, such as basic myelin protein, was very low compared to the high activity against acidic substrates (Myers et al., 1997 ). An increasing number of studies support the hypothesis that the major functions of PTEN in cells are in the regulation of apoptosis, cell growth and gene expression. For the most part, this is thought to occur via the PI 3 -kinase/ Akt/PKB pathway, which can be activated by growth factor kinases and integrin signaling cascades. In addition, cell binding to integrin receptors triggers accumulation of focal adhesion proteins and activation of FAK and Shc, among other proteins. PTEN dephosphorylation of FAK and Shc has been found to negatively regulate cell adhesion and its stabilization, cell spreading and migration. Both the FAKp130cas and the Shc-ERK/MAP kinase pathways appear to be involved in PTEN suppression of these Hydrodynamic cell adhesion was determined using a laminar¯ow parallel plate chamber in ®ve independent experiments. Wall shear adhesion threshold (WSAT), dynamic adhesion rate (DAR) and adhesion stabilization rate (ARS) were compared to untreated HT-29 cells adhering to C I. Reduction of PTEN resulted in an increased dynamic cell adhesion but not changes in ASR. *P40.005 cellular properties (Tamura et al., 1999b) . In this context, PTEN seems to be an antagonist of FAK autophosphorylation, which is also controlled by cell adhesion and biophysical factors in the cellular microenvironment.
We have recently shown (Haier and Nicolson, 1999 ) that the integrity of cytoskeletal components, such as actin-®laments and microtubules, are required for HT-29 cell adhesion stabilization, but dierences between static and hydrodynamic conditions have been observed. Retta et al. (1996) have reported that PTP activity is involved in the regulation of focal adhesion and stress ®ber formation. In that study a PAOsensitive PTP modulated Tyr-phosphorylation of FAK and paxillin in a dose-dependent manner, and its inhibition was sucient to stimulate cell adhesionspeci®c assembly of focal adhesions and actin stress ®bers. Additionally, reduced expression of FAK in HT-29 colon carcinoma cells did not in¯uence adhesive properties under static conditions. Under hydrodynamic¯uid¯ow; however; the DAR was signi®cantly reduced, whereas initial cell binding to C I, WSAT and ASR were unchanged. The in¯uence of mechanical forces, such as during¯uid¯ow, was also supported by data from us and others that shear forces alone can induce increased Tyr-phosphorylation of FAK in endothelial cells, neutrophils or colon carcinoma cells (Li et al., 1997b, Yano et al., 1996, and  Figure 12 ). The functional status of integrins, which are known for their activation or anity to bind to ECM components, is known to be regulated by complex interactions with a number of cytosolic, cytoskeletal and membrane-bound proteins (Yamada and Miyamoto, 1995) , and cells can modulate integrin-binding anity and kinetics of interactions between integrin receptors and their adhesive ligands (Chen et al., 1994) . Furthermore, shear stress induced by¯uid¯ow can result in alterations in gene expression. For example, exposure of endothelial cells to WSS can stimulate transcription of platelet-derived growth factor promotors (Resnick et al., 1997) .
It has been recently shown that PTEN modulates cell migration and invasion by negatively regulating the signals generated at the focal adhesions, through direct dephosphorylation and inhibition of FAK. Moreover, overexpression of PTEN in ®broblasts or glioma cells resulted in decreases in cell migration and inhibition of cell spreading on VN, FN and b 1 -integrin antibodies. These properties were not seen using non-integrin substrates . Furthermore, PTEN can modulate integrin-mediated focal adhesion formation and cytoskeletal reorganization. These studies indicated a potential role of PTEN in the regulation of cell interactions with ECM components, and they revealed that this involvement may be mediated by inactivation of FAK leading to a reduction in downstream signaling. Since adhesion stabilization, cell migration and spreading are susceptible to external mechanical forces, PTEN may also play a role in the regulation of resistance to such forces.
Our own results and those of Tamura et al. (1998) suggest that PTEN can directly interact with and reduce adhesion-mediated FAK Tyr-phosphorylation. Integrin-mediated adhesion resulted in phosphorylation of at least six FAK Tyr-residues (Tyr 397, 407, 576, 577, 861, 925) . A key event during cell adhesion has been described as the autophosphorylation of FAK Tyr 397, which is activated upon integrin-clustering, resulting in the recruitment of src-kinases and full activation of FAK (Hanks and Polte, 1996) . The Tyr 397 autophosphorylation site is important for interations between FAK and PTEN, and this site has been demonstrated to be dephosphorylated by PTEN in glioma cells after detachment from FN (Tamura et al., 1999a) . Using human HT-29 colon carcinoma cells and studying their adhesive interactions with collagens via a 1 b 2 -integrins, we found that FAK dephosphorylation appears to be dependent on cell attachment to speci®c ECM components. PTP activity of PTEN was only found if HT-29 cells were adherent to C I or C IV, whereas PTEN prepared from unattached cells was not capable of dephosphorylating FAK. Adhesion was also accompanied by an increase in physical interactions between FAK and PTEN, resulting in coimmunoprecipitation. The coprecipitation of FAK and PTEN did not compete with the binding of paxillin to FAK. Dephosphorylation of FAK by PTEN was speci®c, since PTP1B did not interfere with the phosphorylation status of FAK or caused adhesion-dependent coprecipitation with FAK. Moreover, using PTEN7/7 Figure 12 Fluid¯ow mediates increased Tyr-phosphorylation of FAK and paxillin. HT-29 cells were grown to con¯uence on glass support. After exposure to dierent rates of hydrodynamic¯uid ow (WSS: 2.4 ± 5.6 dynes/cm 2 ) in a laminar¯ow chamber for 60 min, (a) Tyr-phosphorylated FAK and paxillin were determined by immunoprecipitation and Western blot detection as described. Control cells were kept under static conditions (0 dynes/cm 2 ). Equal protein load was con®rmed by immunoblotting of total lysates using anti-FAK mAb. (b) Coimmunoprecipitation of PTEN with FAK or paxillin under dierent conditions of¯uid¯ow was determined as described embryonic stem cells it was previously shown that PTEN is required for Tyr-dephosphorylation of FAK following cell detachment from ECM (Di Cristofano et al., 1998) . Also, induction of apoptosis after detachment of glioma cells from FN was also dependent on PTEN phosphatase activity in these cells. The dierences between static and dynamic cell adhesion in our study suggest that low concentrations of PAO that can increase Tyr-phosphorylation of FAK may result in enhanced formation of adhesive interactions, but reduced adhesion-mediated cytoskeletal reorganization. In contrast, high concentrations of PAO completely inhibit adhesive interaction of HT-29 cells with ECM components. The missing aects of these high concentrations on cell spreading were not explained by our results; however; we hypothesize that the cell morphology of PAO-treated unattached cells is similar to spread cells resulting in overestimation of cell spreading under these conditions. PTEN ± FAK complexes can also form an interface with downstream signaling. For example, a weak association between Tyr 397-phosphorylated FAK and PTEN has been found that competes with the binding of c-src and PI 3 -kinase to FAK (Tamura et al., 1999a) . This inhibition of c-src and PI 3 -kinase binding to FAK caused diminished downstream signaling, resulting in reduced activation of the PI 3 -kinase/Akt pathway. Moreover, PTEN appears to be involved in cross signaling between focal adhesions and growth factor receptors through inhibition of the adaptor protein Shc (Besson et al., 1999) .
The eects of PTP inhibitors on integrin-mediated cell ± ECM interactions and the role of phosphatases in these cellular processes have been investigated in dierent cell systems using various ECM components. Since dierences in the adhesive interactions mediated by b 1 -and b 3 -integrins have been found (Takagi and Saito, 1995) , the physiological roles of PTPs, such as PTEN, during cell adhesion events may depend on the integrin subunits involved. Also, dierent PTP have been found to be involved in the regulation of integrin anity in dierent cell systems, such as ®broblasts, platelets or carcinoma cells, and this may also result in dierent cellular responses (Arregui et al., 1998 , Ezumi et al., 1995 , Manes et al., 1999 , Yu et al., 1998 , Shen et al., 1998 . The involvement of PTEN in cell adhesion, motility and invasion could be related to its role as a tumor suppressor gene product in various cell types.
Materials and methods
Materials and cells
Dulbecco-modi®ed Eagle's medium/F12 medium (DME/F12, 1 : 1 v/v) was purchased from Irvine Scienti®c; fetal bovine serum (FBS) from GIBCO ± BRL; collagen I (C I) and collagen (C IV) were obtained from Collaborative Biomedical Products. The monoclonal antibodies (mAb) against phosphotyrosine (Py20), paxillin and FAK were obtained from Transduction Laboratories. Anti-PTEN was purchased from Santa Cruz Biotechnologies. CalceinAM was used from Molecular Probes. All other chemicals were purchased from Sigma.
HT-29 cells were cultured in DME/F12 medium containing 10% FBS without antibiotics in humidi®ed 5% CO 2 /95% air at 378C. Trypsin/EDTA was used to harvest cells during the log-phase of growth. After trypsinization, the cells were resuspended in adhesion medium (DME/F12 (1 : 1), bovine serum albumin (BSA) 1%) for reconstitution of surface proteins and washed extensively in Calcium-Magnesium-free phosphate buered solution (CMF ± PBS) prior to experimentation (Haier and Nicolson, 1999) .
Static adhesion assays
Microtiter plates (96-well, Corning) were coated with C I (50 mg/ml), C IV (50 mg/ml), LN (50 mg/ml), FN (50 mg/ml) or 1% BSA (negative control). The protein concentrations required to completely coat the wells were determined in previous studies (Haier et al., 1999a,c) . Blocking of nonspeci®c binding sites was performed with 1% BSA. During reconstitution of cell surface proteins in adhesion medium, cells werē uorescence-labeled with CalceinAM. After washing, the cells were resuspended in adhesion medium at a ®nal concentration of 0.5610 6 cells/ml. All experiments were performed in triplicate and repeated at least twice.
Laminar flow chamber for dynamic tumor cell-ECM interactions
Using an ECM-coated glass support and a polycarbonate shear deck (CoverWell TM Grace Bio-Labs) to form a uniform channel with a small height-to-width ratio (4062260.2 mm) a parallel plate¯ow chamber that allowed an approximation of laminar¯ow was constructed as previously described (Haier et al., 1999b) . Cleaned glass slides (75625 mm) were coated with C I or C IV (2.5 mg/cm 2 ) in a 10 cm 2 area that approximated the area of the parallel plate¯ow chamber. BSA-coated glass slides (0.5 ml CMF ± PBS containing 1% BSA) were used as negative controls. For¯ow adhesion experiments the chamber was placed on the stage of an upright microscope (magni®cation 1 : 63.5) and cells were counted in the center of the laminar¯ow area. Using the laminar¯ow parallel plate chamber hydrodynamic adhesion experiments were performed at variable¯uid¯ow rates starting with wall shear stress (WSS) of 5.6 dynes/cm 2 , which is above¯ow conditions in the normal microcirculation (53 dynes/cm 2 ). Flow rates were decreased in 30 s intervals so that the WSS equaled 4.8, 4.0, 3.2 or 2.4 dynes/cm 2 . The WSS at the point of initial cell adhesion events was used to measure wall shear adhesion threshold (WSAT). The dynamic adhesion rate (DAR) represents the total number of adherent cells after 1 min at a low¯ow rate of 2.4 dynes/ cm 2 , which was approximately 50% of WSAT and in the range of physiological conditions in the microcirculation. Following this low¯ow interval, the¯ow rate was increased to 4.8 dynes/cm 2 in an attempt to detach adherent cells that had not achieved adhesion stabilization during the low¯ow interval. The relative percentage of cells remaining adherent after 60 s in relation to DAR was evaluated as adhesion stabilization rate (ASR) (Haier and Nicolson, 2000) .
Western blotting of phosphotyrosine, paxillin and focal adhesion kinase After¯ow exposure, the glass slides containing cell monolayers were placed on ice. The cells were lysed in ice-cold modi®ed RIPA buer (10 mM TRIS ± HCl, 150 mM NaCl, 1.0% NP40, 0.25% deoxycholate, 0.1 mM PMSF, 0.1 mM TLCK, 0.1 mM iodoacetamide, 10 mg/ml leupeptin, and 10 mg/ml aprotinin, 1 mM vanadate, 1 mM NaF; pH 7.4) at 48C for 30 min. Cell lysates were centrifuged at 13 0006g for 10 min to remove insoluble material, and equal amounts of lysate were added to SDS sample buer and boiled at 958C for 5 min. After SDS ± PAGE electrophoresis (10% gel), proteins were blotted onto PVDF membranes (100 V for 1 h), and the membranes were blocked in incubation buer (10 mM Tris-HCl, 50 mM NaCl, 0.05% Tween 20, pH 7.5, containing 3% BSA) overnight at 48C. Membranes were then incubated with anti-phosphotyrosine, anti-paxillin or anti-FAK mAb in incubation buer containing 1% BSA at room temperature for 1 h while rocking. After washing three-times, the membranes were incubated with anti-mouse speci®c AntiIgG-Alkaline Phosphatase for 1 h at room temperature. For detection of bound antibodies, the membranes were incubated with BCIP/NBT solution (Zymed), and the color reaction was stopped with distilled H 2 O. Immunoblotts were analysed densitometrically using Scion Image (NIH, Bethesda).
Immunoprecipitation of phosphorylated proteins
Cell lysates were obtained as described above. Preclearance was performed by adding 15 ml anti-mouse-IgG-agarose to the lysate, and incubation continued for 2 h at 48C. Supernatants were then incubated with 5 ml anti-phosphotyrosine mAb at 48C overnight. Immunoprecipitation was carried out using 15 ml anti-mouse-IgG-agarose for 2 h at 48C. After washing three times with RIPA-buer, for electrophoretic analysis SDS sample buer was added to the agarose-beads, and the mixture was boiled for 5 min at 958C. The beads were removed by centrifugation, and the supernatants were subjected to SDS ± PAGE electrophoresis (10% gel). Proteins were subsequently blotted onto PVDF membranes, and phosphorylated proteins were identi®ed using Western blotting as described above. In previous experiments we have con®rmed that immunoprecipitation with anti-FAK or anti-paxillin and Western blotting using anti-phosphotyrosine revealed comparable results (not shown).
For PTEN phosphatase assays agarose beads were washed using RIPA-buer, RIPA buer without PTP inhibitors and phosphatase buer (50 mM TRIS, 10 mM DTT, 10 mM MgCl 2 ; pH 7.5). P-Tyr proteins were then removed from the agarose beads using 5 mM phenylphosphate in phosphatase-buer as described by Glenney and Zokas (1989) .
Isolation of PTEN
The cells were lysed in ice-cold buer (containing 10 mM TRIS-HCl, 150 mM NaCl, 1.0% NP40, 0.25% deoxycholate, 0.1 mM PMSF, 0.1 mM TLCK, 0.1 mM iodoacetamide, 10 mg/ml leupeptin, and 10 mg/ml aprotinin; pH 7.4) at 48C for 30 min. Cell lysates were centrifuged at 13 0006g for 10 min to remove insoluble material. Preclearance was performed by adding 15 ml anti-mouse-IgG-agarose to the lysate, and incubation continued for 1 h at 48C. Supernatants were then incubated with 5 ml anti-PTEN mAb at 48C overnight. Immunoprecipitation was carried out using 15 ml anti-mouse-IgG-agarose for 2 h at 48C. After washing three times with lysis buer and phosphatase buer (see above) agarose beads were resuspended in 50 ml phosphatase buer and used immediately.
